S
everal lines of evidence suggest that cellular Src (c-Src) is required for the mitogenic activity of growth factors such as platelet-derived growth factor, epidermal growth factor (EGF) and colony stimulating factor 1 (1) . This mitogenic function of c-Src is mediated, at least in part, by the induction of the cell cycle regulator and transcription factor c-Myc (hereinafter referred to as Myc) (1, 2) . In susceptible avian or mammalian cells expression of v-Src, a mutationally activated derivative of c-Src leads to transformation in vitro and the acquisition of malignancy in vivo. However, the role of Myc in transformation by v-Src is controversial, with some reports suggesting that Myc function or induction is required for transformation by v-Src (3), whereas others suggest that it is not (4, 5) .
Myc is a basic helix-loop-helix leucine zipper transcription factor and forms obligate heterodimers with Max that are required for transcriptional activation. Induced loss of Myc activity causes cells to enter a quiescent G 0 phase (6) . Myc is required for several cycle transitions, including passage through G 1 and activation of cyclin D-dependent kinases, as well as entry into S and activation of cyclin E͞Cdk2 and cyclin A͞Cdk2 (7) . Myc has been shown to increase the expression levels of cyclins E and A and to repress the expression of cyclin D1 (8) . Myc represses the transcription of the Cdk inhibitors p27 and p21 (9, 10) and increases the rate of p27 degradation (11) . Myc also activates Cdk2 by inducing the expression of the Cdk-activating kinase Cdk7 and the Cdk-activating phosphatase Cdc25A (12) .
To examine the role of Myc in mitogenic signaling by v-Src, we made use of two Myc-deficient rodent cell lines. The first was a Myc-deficient derivative of Rat1 fibroblasts, which retains the capacity for cell proliferation, but at a very reduced rate (13) . The second was a 3T9 cell line derived from mice homozygous for a conditional allele of c-myc (6) ; this latter line undergoes a complete proliferation arrest upon excision of c-myc. We show here that in Myc-deficient cells, v-Src can induce morphological transformation but does not induce DNA synthesis or bypass the Myc requirement for cell proliferation. We further show that in the absence of Myc, v-Src can regulate a variety of Myc transcriptional targets such as Gas1, Gadd45, and p27 and can activate the G 1 cyclin-dependent kinases Cdk4 and Cdk6. However, in the absence of Myc, v-Src does not activate the G 1 ͞S cyclin-dependent kinase Cdk2 or induce the expression of cyclin A. The G 1 ͞S block could be rescued by coexpression of Cdk2 plus cyclin E and͞or cyclin A, allowing the cells to synthesize DNA and enter mitosis. Our findings suggest that the role of Myc in mitogenic signaling by Src is to mediate the activation of cyclin E-and cyclin A-dependent kinases.
Results

Myc Deficiency Does Not Affect the Activity of v-Src or Its Ability to
Induce Morphological Transformation. We initially introduced v-Src into a Rat-1 derived line TGR-1, and a Myc-deficient cell line derived from it, HO15.19 (13) . HO15.19 cells proliferate, albeit slowly, with a population doubling time of Ϸ50 h (7). c-myc ϩ/ϩ and c-myc Ϫ/Ϫ clones expressing v-Src at equal levels ( Fig. 1A  Left) were selected for further study. As previously described for the original lines (13) , control c-myc Ϫ/Ϫ cells expressing empty vector were flatter, more spread out, and less refractile than corresponding c-myc ϩ/ϩ cells. Both c-myc ϩ/ϩ and c-myc Ϫ/Ϫ cells expressing v-Src appeared morphologically transformed: Most cells in the population were highly refractile and rounded or spindle-shaped ( Fig. 1 A Right) .
To confirm these conclusions, we made use of a 3T9 line, 3T9-myc flox/flox , derived from mice in which the endogenous c-myc locus had been replaced by an allele with loxP sites in intron 1 and the 3Ј-untranslated region of c-myc (6) . A construct expressing a fusion of Cre-recombinase and estrogen receptor (Cre-ER) was introduced into this cell line (Fig. 1B) . In the resulting cell line, c-myc can be excised by inducing Cre activity with 4-hydroxytamoxifen (4-OH-T) (Fig. 1B) , leading to a complete block in cell proliferation (see below). We then generated derivatives of these cells stably expressing v-Src. Treatment of these cells with 4-OH-T led to c-myc excision, which was confirmed by RT-PCR and Northern blot hybridization for c-myc (Fig. 1C and data not shown). Immunoblotting with anti-v-Src and anti-phosphotyrosine antibodies indicated that v-Src expression levels and activity are maintained after c-myc excision (Fig. 1C) . Although the Myc-deficient cells became larger in size, they retained the spindly and refractile morphology characteristic of v-Src-transformed fibroblasts (data not shown).
Morphological transformation is a complex process involving the loss of actin stress fibers and focal adhesions, together with a decrease in extracellular matrix deposition. In c-myc Ϫ/Ϫ Rat-1 and 3T9 cells, expression of v-Src led to the loss of stress fibers and surface fibronectin that are hallmarks of v-Src transformation (Fig. 6 , which is published as supporting information on the PNAS web site, and data not shown). This result indicates that Myc function is not required for the initiation or maintenance of these molecular correlates of morphological transformation.
Src Expression Does Not Bypass the Requirement for Myc Function in
Cell Proliferation. To determine whether Src could bypass the requirement for Myc function for cell proliferation, we examined the proliferation of c-myc Ϫ/Ϫ Rat-1 cells expressing v-Src and of 3T9-myc flox/flox cells expressing v-Src after c-myc excision. c-myc Ϫ/Ϫ Rat-1 cells expressing v-Src proliferated at the same rate as cells expressing empty vector, both in 10% serum and in 0.5% serum (Fig. 7 , which is published as supporting information on the PNAS web site). Moreover, within 72 h after Cre-ER activation with 4-OH-T, all of the 3T9-myc flox/flox cells expressing v-Src had ceased to proliferate (Fig. 1D ) and failed to incorporate BrdUrd into DNA (Fig. 1E) . These results indicate that expression of v-Src is not able to overcome the proliferation defect induced by deficiency of Myc. It should be noted, however, that the cells studied here are immortalized and likely to be defective in the p19ARF-p53 pathway; whether the same results would be obtained in primary cells remains to be determined. To examine the effect of Src expression on the regulation of Myc targets in Myc-deficient cells, we focused primarily on the effects of Src expression in 3T9 c-myc Ϫ/Ϫ cells. In the absence of Myc, v-Src was able to strongly repress two Myc targets that are inhibitors of cell proliferation: Gas-1, a growth arrest-specific gene, and the cdk inhibitor p27 Kip1 ( Fig. 2A ). Both Gas1 and p27
Kip1 have been shown to be repressed by both Myc and Src at the transcriptional level (14) (15) (16) . Consistent with these observations, loss of c-myc led to induction of Gas1 and p27 mRNAs. The expression of Gas1 and p27 mRNAs was inhibited in Src-transformed cells, both in the presence and absence of Myc ( Fig. 2 A) ; the same result was also obtained in the Rat-1 system (data not shown). The expression of p27 protein was strongly repressed by v-Src, again irrespective of the status of Myc (Fig.  2 A) . Because Gas-1 and p27 are both repressed by Src in the absence of Myc, we conclude that failure to repress Gas-1 or p27 cannot account for the inability of Myc-deficient cells expressing v-Src to proliferate. Fig. 2 A) . Cyclin D1. Cyclin D1 is repressed by Myc (8), but under certain growth conditions, is up-regulated by v-Src (18) . We observed that cyclin D1 mRNA is indeed up-regulated in c-myc Ϫ/Ϫ cells (Fig. 2 A) . A modest induction of cyclin D1 mRNA was observed in Src-transformed cells, both in the presence and absence of Myc expression.
In summary, the failure of v-Src to induce c-myc Ϫ/Ϫ cells to proliferate cannot be accounted for by the effects of Myc deficiency on the expression of p27, cyclin D1, Gas-1, or Gadd45.
v-Src Fails to Regulate Some Myc Targets in the Absence of Myc. In contrast to the results described above, v-Src failed to regulate some Myc targets such as nM23A (19) in the presence and absence of endogenous Myc (Fig. 2B) .
Finally it should be noted that under the conditions used here, Myc deficiency did not appear to affect the expression of two well characterized Myc targets, ODC and AIRC ( Fig. 2C; refs. 19 and 20) . Previous studies have shown that an effect of Myc deficiency on the expression of certain targets such as ODC is only observed as a transient response during serum stimulation (19) . The overall levels of Cdk4 and Cdk6 did not appear to be significantly affected by Myc deficiency (Fig. 2D) . As expected, cyclin D-associated Cdk activity was impaired in Myc-deficient cells expressing only empty vector. In striking contrast, v-Src induced cyclin D-associated Cdk activity even in the absence of Myc (Fig. 3A) . Furthermore v-Src induced the phosphorylation of Rb at the cyclin D-Cdk4͞6 site Ser 807͞811, both in the presence and absence of Myc (Fig. 3A) . Thus, failure to induce cyclin D-associated Cdk activity cannot account for the inability of v-Src to induce the proliferation of Myc-deficient cells.
In the Absence of Myc, v-Src Fails to Activate Cdk2. We then examined the effects of myc excision on Cdk2 activity. Cdk2 activity was strongly inhibited in the absence of Myc, even in cells expressing v-Src (Fig. 3A) . This failure to induce Cdk2 activity appears to be responsible for the inability of v-Src to induce cell proliferation in the absence of Myc (see below). Cyclin D-Cdk4͞6 complexes and cyclin E͞Cdk2 complexes collaborate in the phosphorylation of the Rb family of proteins, triggering their release from the repressive Rb family͞E2F transcriptional complex (22, 23) . Consistent with the reduction in Cdk2 activity in Myc-deficient cells expressing v-Src, both the overall level of Rb phosphorylation and the level of phosphorylation of Rb at the Cdk2 site Thr-821 were significantly reduced (Fig. 3A) .
Cdk2 activity is subject to complex regulatory mechanisms (24), including association with cyclins E and A, association with negative regulatory subunits, and phosphorylation (25) . Cdk2 is activated by phosphorylation on Thr-160 in the activation loop, a phosphorylation that is carried out by Cdk-activating enzymes (25) . Cdk2 is also subject to inactivation by phosphorylation in the nucleotide-binding site (Thr-14 and Tyr-15); these latter phosphorylations can be reversed by the dual-specific phosphatase Cdc25A, a Myc target (12) .
The level of Cdk2 protein was reduced in Myc-deficient cells expressing v-Src (Fig. 3B) . Thr-160 phosphorylation was strongly reduced, both as judged by immunoblotting with an anti-pThr160 antibody and as judged by the absence of the faster migrating band of Cdk2 that represents pThr160-Cdk2 (ref. 26 ; Fig. 3B ). The expression and total kinase activity of Cdk7, the catalytic subunit of Cdk-activating enzyme (25) , were also reduced in the absence of Myc, consistent with the down-regulation of pThr160-Cdk2 (Fig. 3B ). In addition, the level of cyclin A was reduced, whereas cyclin E expression levels were not altered, irrespective of the status of Src and Myc (Fig. 3B) . Finally, the expression of Cdc25A was also down-regulated in the absence of Myc, irrespective of the expression of v-Src (Fig. 3B Bottom) .
Overexpression of c-Myc reduces the levels of the Cdk inhibitor p21 WAF1/CIP1 (10, 27) . In contrast, in mouse fibroblasts stably transformed by v-Src, expression levels of p21 are elevated, and the p21 promoter is induced by v-Src (28) . As can be seen from To determine whether induction of p21 and formation of p21͞Cdk2 complexes contributes to the inactivation of Cdk2, we immunodepleted p21 from cell lysates by two successive rounds of immunoprecipitation with anti-p21 antibody and monitored the distribution of Cdk2 by immunoblotting. The fraction of Cdk2 coimmunoprecipitating with p21 in v-Src-expressing cells was increased by Myc deficiency (Fig. 3C) , suggesting that increased expression of p21 and the formation of p21͞Cdk2 complexes contributes to the G 1 ͞S block. However, Ϸ50% of the Cdk2 remained unbound, consistent with the idea that additional factors contribute to the inactivation of Cdk2.
We conclude that the reduced activity of Cdk2 is due, at least in part, to decreased expression of Cdk7, Cdc25A, and cyclin A and increased complex formation with p21. There may well be additional Cdk2 regulators that cannot be regulated by Src in the absence of Myc.
Cooverexpression of Cdk2 and Cyclins E and A Overcomes the G1͞S
Block. To determine whether the failure of v-Src to drive c-myc Ϫ/Ϫ cells into S phase results from the reduced activation of cyclin E͞Cdk2 and͞or cyclin A͞Cdk2, Cdk2 was stably overexpressed in the 3T9-myc flox/flox cells expressing Cre-ER and v-Src. The cells were then transiently transfected with expression constructs encoding either cyclin E, cyclin A, a stabilized mutant of cyclin A (A47), or both cyclin E and A constructs, and myc excision was induced by 4-OH-T. Overexpression of Cdk2, cyclin E, and cyclin A (Fig. 8 , which is published as supporting information on the PNAS web site) led to the restoration of Thr-160-phosphorylated Cdk2 (Fig. 4B Lower) and also rescued Cdk2 activity as assayed in an immune complex kinase assay (Fig.  4A Lower) . The rescue of Cdk2 activity was inefficient, presumably because Cdc25A and other Cdk2 regulators were not also coexpressed. Despite the low level of rescue of Cdk2 activity, overexpression of Cdk2, cyclin E, and cyclin A increased the level of BrdUrd incorporation in the MycϪ cells (Fig. 4 A and B) . Under optimal conditions (coexpression of Cdk2, cyclin E, and cyclin A (A47), the fraction of cells incorporating BrdUrd was Ϸ50% of the level observed in the Mycϩ cells. Because the transfection efficiency was Ϸ50% in these experiments, this result indicates that cooverexpression of Cdk2 and cyclins E and A efficiently overcomes the replication block.
To determine whether overexpression of Cdk2͞cyclin A and cyclin E also enabled the cells to enter mitosis, we stained the cells with antibody against phospho-histone H3, a marker of mitotic cells (29) . Interestingly, overexpression of cyclin A and E also rescued the block in mitosis (Fig. 4C ).
Discussion
Our findings indicate that in the absence of Myc, v-Src is able to regulate early G 1 cell cycle regulators such as p27, gadd45, and Cdk4 but is not able to activate late G 1 regulators such as cyclin E͞Cdk2 and cyclin A͞Cdk2 (Fig. 5) . These findings raise two questions. First, why do early and late G 1 cyclin͞Cdk complexes in Myc-deficient cells respond differently to v-Src expression? Second, is the defect in Cdk2 activity sufficient to account for the inability of v-Src to drive cell proliferation in the absence of Myc?
A variety of observations have converged on a model in which Myc does not promote gene expression by itself, but rather sensitizes loci to other mitogenic signals (19, 30) . Myc-dependent recruitment of histone acetyltransferase-containing complexes and acetylation of chromatin proteins sensitizes gene expression to transcription factors activated or recruited to the locus as a consequence of mitogenic signaling. One could therefore postulate that in response to a strong mitogenic stimulus, such as that elicited by v-Src, certain loci are expressed independent of this sensitizing function of Myc, whereas others remain dependent on Myc function. Although it appears that Myc functions at multiple independent cell cycle transitions (7), one could speculate that Myc function may be more critical for the G 1 ͞S transition than for passage through the G 1 restriction point, and that the promoters of loci involved in regulating Cdk2 activity In the top four blots, complexes were immunoprecipitated from extracts with antibodies indicated and kinase activities were assayed by using carboxyterminal Rb as substrate. In blots 5-7, cell lysates were analyzed by immunoblotting with anti-Rb antibody and phospho-specific Rb antibodies: p-T821 and p-S807 plus S811. (B) Failure of v-Src to induce active Cdk2 in c-myc Ϫ/Ϫ cells results from reduced expression of Cdk2, cyclin A, Cdk7, and Cdc25A. Equal amounts of lysates were analyzed by immunoblotting with antibodies directed against phospho T160-Cdk2, Cdk2, cyclins A and E, Cdk7, and Cdc25A. Cdk-activating enzyme͞Cdk7 activity was measured by an immune complex kinase assay by using anti-Cdk7 antibody with recombinant Cdk2 protein as substrate. (C) The fraction of Cdk2 complexed to p21 is increased in the absence of Myc. p21 was immunodepleted from cell lysates by two successive rounds of immunoprecipitation with anti-p21 antibody, and coimmunoprecipitation of Cdk2 was monitored by immunoblotting. The supernatants obtained from the second round of p21 immunoprecipitation were again immunoprecipitated with anti-Cdk2 antibody to determine the levels of Cdk2 not bound to p21 (Bottom).
may be more tightly dependent on Myc than promoters of loci involved in regulating cyclin D-Cdk4͞6 activity.
The hypothesis that failure to induce Cdk2 activity is sufficient to account for the inability of Myc-deficient cells expressing v-Src to enter the cell cycle is contradicted by recent reports that cells genetically deficient in Cdk2 or cyclin E are capable of proliferation (reviewed in ref. 31 ). However, it seems likely that in these genetically deficient cells, other cyclins or cyclindependent kinases may complement the deficiencies. Thus, cyclin A may compensate for a deficiency in cyclin E, whereas Cdk1 (Cdc2) has been shown to be able to compensate for a deficiency in Cdk2 (32) . Interestingly, cyclin A2 is essential for early embryonic development, indicating that deficiency in this cyclin cannot be compensated by other cyclins (33) . In the present studies, the Myc-deficient cells contained very low levels of both cyclin A protein and Cdk2 kinase activity. Furthermore, cooverexpression of Cdk2, cyclin E, and͞or cyclin A could overcome the block to G 1 ͞S entry and even allowed entry into mitosis, suggesting that in cells expressing v-Src, active cyclin E-Cdk2 and͞or cyclin A-Cdk2 are sufficient to drive entry into S in the absence of Myc. Consistent with our observations, both cyclins E and A were earlier shown to be likely targets of Src for platelet-derived growth factor-induced mitogenesis (34) .
In summary, our findings demonstrate that whereas Myc is required for activation of cyclin D-dependent kinases in normal cells, it is not required for activation of these kinases in Srctransformed cells. However, expression of v-Src does not abrogate the requirement for Myc induction of cyclin E͞Cdk2 and͞or cyclin A͞Cdk2 for entry into S phase. These findings suggest that the requirement for a particular cell cycle regulator may change according to cellular context. This cell context dependence may have significant implications for the possible use of inhibitors of these regulators as anticancer therapeutics.
Materials and Methods
Cells. The Rat-1 fibroblast-derived cell line, TGR-1, and a Myc-deficient (c-myc Ϫ/Ϫ ) cell line derived from it, HO15.19, were a generous gift from John Sedivy (Brown University, Providence, RI) (13 Transfections for the rescue experiments were carried out by using LIPOFECTAMINE PLUS (Invitrogen) as per the manufacturer's protocol. Cells incubated with 4-OH-T for 24 h were transfected with either pCDLSRa296-Cyclin A or CSMTCyclin A47 and pCS2-Cyclin E, and were analyzed 72 h after transfection.
RT-PCR and Northern Blots. RNA was prepared from cultured cells by using the RNAeasy kit (Qiagen, Valencia, CA). Myc RT-PCR was carried out by using c-myc-specific primers as described in ref. 6 . cDNA probes for mRNAs encoding various Myc targets were generated by RT-PCR by using gene-specific primers. Probe hybridization and washing were performed according to procedures provided by Amersham Pharmacia. Immunoblotting. Lysis of cells and immunoblotting were carried out as described in ref. 36 . mAbs 2-17 and EC10 were used to detect Src, and mAb4G10 (Upstate Biotechnology, Lake Placid, NY) was used to detect cellular phosphotyrosyl proteins. Antibody against GAPDH was from Abcam, Inc. (Cambridge, MA). All other antibodies were from Santa Cruz Biotechnology.
BrdUrd Incorporation Assays. The BrdUrd incorporation and flow cytometry analysis was carried out by using a BrdUrd assay kit from Roche Diagnostics (Indianapolis). Cells were labeled with BrdUrd for 1 h.
Immunoprecipitation and Cdk Activity Assays. Immunoprecipitation and kinase assays were performed as described in ref. 37 . Equal amounts of protein (1 mg) were immunoprecipitated with antip21WAF1͞CIP1 antibody (Abcam, Inc.). Cdk2 was immunoprecipitated from p21-depleted supernatants by incubation with anti-Cdk2 antibody (Santa Cruz Biotechnology) and adsorption to protein-A agarose. Hours
